Our recent work has demonstrated that deoxyribose nucleic acid (DNA) can act as an effective flame retardant when applied to cotton fabrics as a thin coating. DNA acts as a Lewis acid and promotes the dehydration of cotton cellulose to form char, limiting the production of volatile species. Here, the effect of heating rates on thermal degradation behaviour has been studied in order to understand the thermo-oxidation behaviour under slow heating and fast (flash) pyrolysis. The low heating rate effect has been studied using thermogravimetry coupled with infrared spectroscopy and pyrolysis-combustion flow calorimetry, whereas high heating rates effect was obtained by performing thermogravimetry at 200 -500 o C/min and flash-pyrolysis tests coupled with infrared spectroscopy. The information obtained by the latter has been successfully employed in order to i) better explain the results collected from combustion tests and ii) demonstrate that the type of the gaseous species and their evolution, as well as the char formation, as a consequence of the fabric thermo-oxidation, are independent of the adopted heating rate.
Introduction
Very recently, the efficiency of biomacromolecules like proteins [1] and nucleic acids [2, 3] as novel green flame retardant systems for cellulosic substrates has been investigated and demonstrated. It has been possible to achieve the self-extinguishment of cotton, when DNA was coupled with chitosan in a Layer-by-Layer (LbL) assembly [4] . This unexpected behaviour has been ascribed to the chemical structure of DNA: its main components (namely, nitrogen containing bases, deoxyribose units, and phosphate groups) act as an intumescent formulation [5] [6] [7] [8] . On the basis of the results collected by thermogravimetry at very low heating rates (i.e. 10°C/min), it was possible to assert that the flame retardant feature of DNA mainly consists of its char-forming and char-promoting character [2, 3] : this bio-macromolecule is able to favour the dehydration of cellulose within cotton to form char (instead of allowing the production of volatile species). In doing so, the formed char behaves like a carbonised replica of the original fabric, which continues to act as a thermal barrier [9] .
The behaviour of DNA is similar to that of the most commonly used phosphorus-and nitrogencontaining flame retardants, which reduce the formation of volatiles and catalyse the char formation [10, 11] . This finding can be ascribed to their Lewis acid properties: upon heating, they release polyphosphoric acid that phosphorylates the C(6) hydroxyl group in the anhydroglucopyranose moiety, and simultaneously acts as an acid catalyst for dehydrating these repeating units [11] . In this scenario, we have recently studied the effect of DNA as a char-former for cotton in the condensed phase [2, 3] ; however, an in depth investigation of the gas phase, and thus on the release of volatile species has not been carried out yet, this latter is the focus of this study. Here, pyrolysiscombustion flow calorimetry and thermogravimetry coupled with infrared spectroscopy have been employed, aiming to monitor the evolution of volatile species at very low heating rates (i.e. 10°C/min). However, since in a real fire scenario the heating rate is much higher (~500 o C/min), thermogravimetry and flash-pyrolysis coupled with infrared spectroscopy tests, both performed at 3 200 and 500°C/min, have been exploited for better explaining the results previously collected from combustion tests (horizontal flame spread, limiting oxygen index and cone calorimetry tests [3] ).
More specifically, our attention has been focused on performing tests able to give useful information about the thermal-oxidation of the materials under investigation during pre-ignition or at least ignition steps, during which oxygen plays a key role. For this reason, all tests have been performed in an oxidative atmosphere, and not in pure nitrogen. Indeed, the aim of the present and of the previous studies was to design a novel flame retardant capable of suppressing cotton combustion by modifying the mechanism through which it degrades in air.
The information obtained has been also used to demonstrate that the type of the gaseous species and their evolution, as well as char formation, as a consequence of the fabric thermo-oxidation, is in general independent of the adopted heating rate.
Experimental Part

Materials
Cotton (COT, 220 g/m 2 ) was purchased from Fratelli Ballesio S.r.l. (Torino, Italy).
DNA powder from herring sperm was purchased from Sigma-Aldrich S.r.l. (Milano, Italy) and stored at 4°C before its use.
Deposition of DNA-based coatings on cotton fabrics
The DNA solution (2.5wt.-%) was prepared by slowly dissolving the DNA powder in acidified distilled water (pH=5.5) under magnetic stirring (300rpm) at 30°C for 30min. Then cotton fabrics were impregnated for 1 min in an climatic chamber (30°C and 30% R.H.); the excess of the solution was then removed with a rotary evaporator and the impregnated fabrics were dried to constant weight in a climatic chamber [3] .
The total dry solids add-on on cotton samples (A, wt.-%) was determined by weighing each sample before (Wi) and after the impregnation with the suspension and the subsequent thermal treatment at 30°C overnight. (Wf), using a Gibertini balance (accuracy: ±10 -4 g). The uptake of samples was calculated according to the following equation:
The untreated and treated samples were coded as COT and COT_DNA_X, where X is 5, 10 or 19%
and stands for the measured weight percentage add-on on the dried fabric.
Characterization techniques
Thermogravimetric analysis (TGA) was carried out in air, from 50 to 800°C with a heating rate of 10, 100, 200 and 500°C/min. To this aim, TAQ500 and TAQ5000IR thermobalances (TA Instruments) were used (experimental error: ± 0.5wt.-%), placing the samples (ca. 6mg) in open platinum pans, in oxidative atmosphere (air gas flow: 100ml/min). Tonset10% (temperature, at which 10% weight loss occurs), Tmax (temperature, at which maximum weight loss rate is achieved) and the mass of the final residues were evaluated.
Alternatively, TGA (SDT 2960 TA Instruments) was coupled with infrared spectroscopy (Nicolet iS10 by Thermo-Scientific).
Flash-pyrolysis at 200 and 500°C/min was carried out by using a CDS Pyroprobe 2000 with Brill cell FTIR interface.
Isothermal tests at 300, 350 and 440°C were carried out by TGA for 1h and the resulting residues were analysed by FT-IR spectroscopy. The spectra were recorded at room temperature in the range 650-4000cm -1 (64 scans and 4cm -1 resolution), using a Thermo Avatar 370 spectrophotometer, The experimental error was ±5%.
Results and discussion
Thermogravimetry and pyrolysis-combustion flow calorimetry
The thermo-oxidation of untreated cotton has been studied by using thermogravimetry in air at two different heating rates (10 and 100°C/min): Figures 1A and 1B show the corresponding TG and dTG curves. As already described [12] , the overall degradation process of cotton is the result of several competing reactions, which determine the release of volatiles and the thermal stability of the final char. Usually, cellulose decomposes by three steps in air, as reported by Price and coworkers [13 and references quoted in], Kandola and co-workers [14] and Bourbigot and co-workers [15] .
The first step (located in the range 300-400°C) involves two competitive pathways, which yield aliphatic char and volatile products; in the second step (between 400 and 800°C), some aliphatic char converts to an aromatic form, yielding CO and CO2 as a consequence of simultaneous carbonization and char oxidation. During the last decomposition step at ca. 800°C, the char and any remaining hydrocarbon species are further oxidized mainly to CO and CO2. The same mechanism has been also observed at very high heating rates (100-300°C/min), but, in these conditions, the char content in the final residue was found to decrease by increasing the adopted heating rate [12] .
Indeed, when cotton is heated at over 200°C/min in air, depolymerization of cellulose toward the formation of volatile species is favoured and dehydration is inhibited, thus the formation of a 6 thermally stable char does not occur. In addition, comparing the TG and dTG curves of cotton heated at 10 and 100°C/min ( Figures 1A and 1B) , it is possible to observe that its thermo-oxidation occurs in a similar way. Furthermore, these latter data are consistent with those collected by PCFC ( Figure 1C ), despite the different heating rate (60°C/min) which applies for this process. This finding further confirms a correlation between TGA and PCFC measurements, as already described by Lyon and Walters [16] .
In detail, within 10-100°C/min, the thermo-oxidation of cotton proceeds by two steps, during which the maximum weight loss (registered between 345 and 360°C, Figure 1B ) is accompanied by the subsequent formation of a thermally stable char and volatile species ( Figure 1A ). These volatile species are the same as already observed in nitrogen [12] and further confirmed by PCFC ( Figure   1C ). On the basis of these results, the effect of the different DNA add-ons on the cotton thermooxidation has been studied by performing TG analyses at 10°C/min only (Figures 2A and 2B ). As already pointed out [3] , by increasing the DNA add-on, cotton degradation is more sensitized, since it starts at lower temperatures (as demonstrated by the Tonset10% linear decrease, Table 1 ), and the maximum temperature of first weight loss (Tmax1) is strongly reduced. This finding is ascribed to the phosphate groups of DNA, which behave similarly to an inorganic phosphate salt like ammonium polyphosphate (APP) itself a common flame retardant system for cellulosic substrates. APP acts by favouring the cellulose decomposition toward char formation, due to the phosphoric acid released at about 260°C. Thus, analogously, DNA starts to decompose around 200°C, releasing the same acid species, and produces a residue thermally stable up to 600°C.
As an example, the weight difference curve between cotton treated with 19wt.-% of DNA and neat cotton ( Figure 3) clearly shows that the sensitisation exerted by the presence of DNA on cotton corresponds to 37% weight loss and occurs within the range 200 to 320°C; meanwhile, at higher temperatures (about 350°C), the presence of DNA promotes the formation of char, which stabilises the fabric (+32% weight gain).
At the same time, a more coherent residue (depending on the DNA add-on) is formed (see residues at Tmax1 in Table 1 ). Increasing the temperatures, regardless of the DNA add-on, results in residues that remains stable up to 600°C (the second step is shifted to higher temperatures: compare Tmax2 values in Table 1 ). This finding seems to indicate that DNA is able to promote char formation and to inhibit volatile production. In order to confirm this hypothesis, TG analyses have been compared with PCFC measurements ( Figure 2C ): during these latter tests, the volatile species released during the pyrolysis of a material are completely oxidised [16] ; parameters like HRR (peak and time) and THR (heat of combustion of the fuel gases) are measured.
As far as untreated cotton is considered, the peak presented in Figure 2C can be attributed to its oxidation; this latter proceeds with a maximum PHRR of 290W/g at 349°C, the same temperature observed in TGA (Figures 2A and 2B) . Furthermore, the THR and HRC values of 13.7kJ/g and 313J/g°C, respectively, are in agreement with the data published in the literature [16] [17] [18] [19] . The presence of DNA anticipates the degradation of cotton, as evident by the Tinitial values collected in Table 2 , which, similarly to thermogravimetry (see Tonset10%, Table 1 ), decrease with increasing the DNA add-on. As a consequence, the fabric oxidation is anticipated, as evident comparing the tPHRR values presented in Table 2 . At the same time, DNA strongly decreases PHRR values, the corresponding temperatures and THR, showing that the coating promotes char formation and inhibits volatile production: the lower the volatile amounts, the lower are THR and PHRR. These reductions linearly depend on the DNA add-on: the lowest values have been registered with an addon of 19%, as evident by comparing THR, PHRR and corresponding temperature (TPHRR) values in Table 2 .
Thermogravimetry coupled with attenuated total reflectance-infrared spectroscopy
The thermogravimetric data collected up to now have shown that cotton thermo-oxidation is strongly enhanced by the DNA treatment and that all reactions occurring between 240 and 500°C are fundamental to explain the experimental results. For this reason, isothermal TG tests at 300, 350 8 and 440°C have been carried out and the resulting residues have been assessed by using ATR-FTIR ( Figure 4) . In untreated cotton, the typical vibration modes of cellulose [20] are still detectable when cotton is heated up to 300°C (namely, (OH) at ca. 3300, (CH2) at 2900, (OH) at 1630, (CH2) at 1430, (CH) at 1365, (OH) at 1320 and (C-C) at 1030cm -1 ), as reported in Figure 4A .
Only a peak at 1710cm -1 , which is assigned to the stretching vibration of the carbonyl group (C=O), appears. Hebeish et al. [21] and Kandola and co-workers [14] ascribed the formation of such a band to the different processes occurring at high temperatures, like i) oxidation of the functional end reducing groups to carboxyl groups, ii) oxidation of the cellulose hydroxyls to aldehyde groups, iii) hydrolysis of the glucosidic bond of the cellulose chains with resultant increase in the aldehyde groups, iv) oxidation of the newly introduced aldehyde group to carboxyl group, and v)
decarboxylation. In addition, it was observed that the intensity of the carbonyl peak increases with increasing temperature.
In the presence of DNA, regardless of its add-on, the ATR spectrum of cotton completely changes; two main bands appear at 1690 and 1580cm -1 (as an example, Figure 4B refers to the fabric treated with 10wt.-% of DNA). These bands cannot be ascribed to the pure DNA coating ( Figure 4C ), as evidenced by comparing the ATR spectra of DNA and DNA-treated cotton. In addition, these peaks are not present at room temperature. This indicates that, upon heating, DNA functional groups react with those of cellulose, generating chemical species with an aromatic character, bearing C=C and C=N bonds [20] . Increasing the temperature up to 350°C ( Figure 4B ), cellulose decomposes forming both carbonyl-rich and aromatic compounds, as well as hydrocarbon species, as confirmed by the three bands at 1710, 1590 and 1190cm -1 , respectively. Furthermore, the presence of DNA seems to inhibit the formation of hydrocarbon species, favouring that of the aromatic counterparts.
Indeed, from a qualitative point of view, the band at 1590cm -1 appears more intense than that at 1700cm -1 : this finding further confirms what is observed during thermogravimetric analyses. Chars produced in the presence of DNA turn out to be thermally stable up to 440°C: as clearly depicted in 9 Figure 4B , the band at 1590cm -1 is still detectable, meanwhile that located at 1710cm -1 is almost negligible.
Thermogravimetry coupled with infrared spectroscopy
As discussed in the previous section, the data collected by TGA eventually coupled with ATR-FTIR have clearly shown the char-forming feature of DNA; this finding has been further confirmed by PCFC measurements, which, at the same time, have highlighted that reduced amounts of volatile species are released in the presence of DNA with respect to the untreated fabric (compare the height of the corresponding peaks in Figure 2C ). TGA-FTIR has been employed in order to monitor the evolution of these species. Since in this work TGA-FTIR has been carried out in air as opposed to nitrogen (where pure pyrolysis occurs), oxidation of the evolved products is monitored. This gives more insight into the potential flammability behaviour of the sample, which is the main aim of this work.
Once again, the most interesting temperature range was in between 300 and 500°C. Figure 5A shows the volatile species released by cotton heated up to 300°C: the characteristic absorption peaks representing different gases such as water vapour (4000-3500 and 1550-1566 cm -1 ), CO2
(2270-2385 and 660cm -1 ), CO (2053-2211cm -1 ), carbonyl species (i.e. aldehydes, ketones, carboxylic acids, 1633-1839cm -1 ) were identified [22] . The presence of DNA, regardless of its addon, reduces the intensity of the bands ascribed to hydrocarbons and CO2 and slightly increases those of CO ( Figures 5B, 5C and 5D ). The same trend has been observed when the temperature was increased up to 350°C ( Figure 6 ) and 440°C ( Figure 7) . The overall evolution of the gaseous species as a function of time is depicted in Figure 8 . From a semi-quantitative point of view, it is possible to conclude that a reduction of about 50% has been achieved in the CO2 release resulting from employing DNA as a coating, regardless of its add-on.
Thermogravimetry and flash-pyrolysis coupled with infrared spectroscopy
As already described [12] , thermo-oxidation of cotton depends on the heating rate; indeed, at very high heating rates (beyond 200°C/min), the dehydration of cotton is blocked and the depolymerization is favoured. This results in the high flammability of cotton that is not able to form char, but only to give rise to volatile species able to fuel the combustion. Previous works have demonstrated that the self-extinguishment of cotton can be achieved employing DNA [2, 3] . The same mechanism of char-formation/promotion already observed at low heating rates (10 and 100°C/min) can be hypothesized also at high heating rates (namely, hundreds °C/min). To this aim, thermogravimetry and flash-pyrolysis coupled with FTIR tests at 200 and 500°C/min have been carried out. Figure 9 plots the TG and dTG curves of untreated COT and pure DNA; in both cases, the thermal stability in air decreases from 10 to 200 and 500°C/min. In particular, for cotton, at these high heating rates, the char formation turns out to be less ( Figure 9A ) and the fabric residue at Tmax1 decreases with increasing the heating rate (Table 3) . Further oxidation of the remaining species to
give char is still detectable (see Tmax2 and corresponding residues).
In the presence of DNA, regardless of its add-on, the thermo-oxidative stability of cotton is significantly enhanced also when cotton is heated at 200 or 500°C/min, as observed in Figures 10A and 10B, respectively. Table 3 lists the collected data. More specifically, when cotton is heated at 200°C/min ( Figure 10A ), the presence of DNA induces a strong sensitisation of cellulose degradation, as indicated by Tonset10% and Tmax1 values; however, DNA catalyses the formation of a thermally stable residue (see its corresponding values at Tmax1 in Table 3 ), linearly dependent on the bio-macromolecule add-on. The differences observed for these residues are very remarkable: 31 vs.
62% for COT and COT_DNA_19%, respectively. The second step of degradation can be considered negligible.
The same trend has been also observed when cotton was heated at 500°C/min ( Figure 10B ). It is noteworthy that DNA seems to be more efficient at 500°C/min with respect to 10 and 200°C/min in terms of char formation, as evidenced by comparing the residues left at 600°C. As an example, COT_DNA_19% leaves a residue of 19, 22 and 26% when heated at 10, 200 and 500°C/min, respectively (last columns of Tables 1 and 3 ).
In parallel, the evolution of the gases released around cotton Tmax1 has been monitored by using flash-pyrolysis coupled with FTIR. The samples have been heated up to 400°C with a heating rate of 200°C/min and the FTIR spectra have been acquired. Figure 11A shows the volatile species detected for the untreated fabric: they correspond to those already observed and discussed during thermo-oxidation tests performed at 10°C/min (see paragraph 3.3). More specifically, the characteristic absorption peaks referring to water vapour (4000-3500 and 1550-1566 cm -1 ), CO2
(2270-2385 and 660cm -1 ), CO (2053-2211cm -1 ), and carbonyl species (i.e. aldehydes, ketones, carboxylic acids, 1633-1839cm -1 ) were identified; furthermore, the formation of hydrocarbons was checked at 2970, 2910 and 2850cm -1 . Once again, the presence of DNA, regardless of its add-on, reduces the intensity of the bands ascribed to hydrocarbons and CO2 ( Figures 11B, 11C and 11D ).
The same trend has been observed when the heating rate was increased up to 500°C/min ( Figure   12 ).
Conclusions
In this work, the thermo-oxidation of cotton and cotton treated with DNA at different add-ons (namely, 5, 10 and 19%) has been thoroughly investigated, particularly focusing on the effects of different heating rates on the fabric degradation. The results collected by thermogravimetry, pyrolysis-combustion flow calorimetry and flash-pyrolysis can be summarised as follows: i) at very low heating rates (i.e. 10°C/min), the competition between cellulose depolymerization and dehydration is still observed, regardless of the presence of DNA and its addon on the fabric. However, the dehydration pathway is more favoured with respect to depolymerization, due to the char-former/promoter feature of the bio-macromolecule. This finding was confirmed by the chemical analysis of the TGA residues and of the volatile species released during the thermo-oxidation of the fabric.
ii) at very high heating rates (i.e. 500°C/min), the char-forming character of DNA seems to be more efficient than that at low heating rates (i.e. 10°C/min), as revealed by comparing the final residues at 600°C in both cases. This finding may explain the efficiency of DNA as flame retardant for cotton. 
